Graphite felt (GF) is a mass produced porous carbon electrode material commonly used in redox flow batteries. Previous studies have suggested GF may have valuable applications in electroanalysis as a low cost disposable carbon electrode material, although most GF sensors have used flow cell arrangements.
Introduction
Limit of detection is a key property of any sensor. For electrochemical sensors, a common and successful route to decreasing the limit of detection is maximising current density, thus boosting the signal to noise ratio. 1 In quiescent solutions this is achieved by using micro and nano-sized electrodes, where decreasing the electrode size increases the mass transport coefficient. [2] [3] [4] However, as the electrode size decreases the fabrication technique becomes more complicated and the cost of the electrode often increases. In addition, the magnitude of the current decreases, which eventually requires the need for high specification potentiostats and low-noise environments. This article investigates the use of graphite felt (GF) as an electrode material for electroanalysis. GF is a porous electrode material commonly used in redox flow batteries, with a large surface area and relatively low manufacturing cost. 5 For example, each 1 × 1 × 0.28 cm piece of GF used in this study had a surface area of approximately 55 cm 2 and cost less than 1 British pence. Previous work suggested GF electrodes may have beneficial properties for electroanalysis, capable of producing good signals at low levels of analyte. 6 This is surprising given that GF electrodes are "mega-macro" electrodes and the perceived trend in electroanalysis is towards smaller electrodes with increased current densities. This work builds from the recent study of solution phase redox systems to investigate the use of graphite felt electrodes for stripping voltammetry in quiescent solution.
Stripping voltammetry is a widely reported electroanalytical technique that can be used to detect a large range of metals and important organic/organometallic molecules at low concentrations (less than ppb in some cases) and relatively low cost. 1 Although a number of stripping voltammetric techniques exist, the general procedure involves pre-concentration of the analyte at the electrode surface followed by the stripping step, where the analyte "deposit" dissolves back in solution as a result of a potential ramp. The latter step generates the electrochemical signal from which the species may be identified and quantified. In anodic stripping voltammetry (ASV), the analyte is often a metal cation that undergoes reduction forming a neutral metal deposit on the working electrode surface. The electrode potential is then increased until the metal deposit undergoes oxidation back to the (aqueous) cation, essentially being stripped from the surface. The sensitivity of the method can be increased by introducing forced convection of analyte to the electrode surface, for example via a rotating disc electrode, 7 wall jet electrode, 8 channel electrode 9 or ultrasound. 10 This enhances mass transfer and improves the pre-concentration step leading to lower limits of detection. Anodic stripping voltammetry has also been performed with GF electrodes in flow cells (to enhance the deposition step). Geneste and co-workers used GF flow cells to detect a number of metal ions, including lead copper and zinc, with impressive results suggesting the "mega-macro" electrode concept was worth pursuing for electroanalysis. [11] [12] [13] [14] [15] However, flow cells add another layer of complication to experimental techniques and less intricate quiescent arrangements are often preferred for analytical methods. Although a number of researchers have used mega macro carbon electrodes for ASV in quiescent solutions with some success, for example macro porous carbon spheres and carbon fibre mats, 16, 17 the situation with GF electrodes is complicated due to their hydrophobicity, which can cause wetting issues and poor repeatability. 6 A novel solution to the GF wetting problem was proposed by Bouabdalaoui et al. who used a pre-treatment involving glycerol and sodium alginate to produce hydrophilic GF electrodes that were then used to detect lead and mercury in aqueous solutions. 18 Demkin also used GF electrodes to detect trace tin in quiescent aqueous solutions of jewellery alloys, although no details of the GF wetting procedure were given. 19 Therefore, provided there is repeatable electrode wetting, the scientific literature suggests mega-macro carbon electrodes can make a valuable contribution to electroanalysis, bucking the trend of ever-decreasing electrode dimensions. The detection of silver via anodic stripping voltammetry has attracted significant attention over the past decades, with many types of working electrodes employed. Due to its low toxicity and relatively low cost, carbon has always been an attractive material for electrodes in electroanalysis. Silver has been detected with a wide range of carbon electrodes including wax impregnated graphite, 20, 21 glassy carbon, 22 screen printed carbon, 23 edge plane pyrolytic graphite, 24 carbon fibres, 25 carbon paste 26 and boron doped diamond. 27 Table 1 provides a literature summary of the detection of trace silver via stripping voltammetry at carbon electrodes. In most cases, nM detection limits were achieved using forced convection to enhance mass transport. In this work GF is used as an electrode material in the anodic stripping voltammetry of silver, detecting silver cations (Ag + ) in water at low concentrations using linear sweep and differential pulse voltammetry under quiescent conditions. The ethanol wetting method developed by Smith et al. is employed, 6 allowing fast and repeatable experiments without the need for a flow cell. Limits of detection are established in two different systems and compared with that obtained using conventional carbon electrodes. The results are promising and highlight the advantages of megamacro electrodes. In addition, the quiescent method employed in this work demonstrates the ability of GF electrodes to accurately probe a defined "trapped" volume of electrolyte, providing new insights into the fundamental processes occurring at the electrode-liquid interface.
Experimental
All chemicals (analytical grade) were used as received from VWR without further purification. Milli-Q®). Voltammetric measurements were carried out using a μAutolab III (ECO-Chemie, Utrect, The Netherlands) potentiostat. All measurements were conducted using a three electrode cell. The counter electrode was a platinum gauze and the reference was a saturated mercury-mercrous sulphate (Hg/ Hg 2 SO 4 ) electrode (IJ Cambria Scientific Ltd, UK). Two 3 mm diameter carbon electrodes, edge plane pyrolytic graphite (EPPG) and pyrolytic formed carbon (PFC), were used as conventional working electrodes (IJ Cambria Scientific Ltd, UK). Both electrodes were prepared by polishing with diamond slurries of decreasing particle size (6 µm, 3 µm and 1 µm) on a cloth lapping pad followed by washing the surface in ultrapure water and briefly sonicating. The GF used was GFD 2.5, a commercially available felt supplied by SGL Group, with a nominal thickness of 2.8 mm (measured under a slight compressive force). 28 A 1 cm 2 piece of GF was cut from a clean roll of the felt using a bespoke 'cookie cutter' tool then weighed using a 4 point balance (this allowed an estimation of the electrochemical surface area of the GF piece, as discussed in the ESI †). A 0.5 mm (diameter) platinum wire was then passed through the felt to secure it and provide a good electrical connection to the whole of the felt piece, as described previously. 6 The size of the voltammetric signal from the platinum wire was negligible compared to the signal from the GF electrode. In some cases, a 2 cm 2 section of GF connected via 0.5 mm diameter platinum wire was used as the counter electrode instead of the platinum gauze. Fully wetting GF electrodes is the key to obtaining repeatable results in aqueous solutions. The GF wetting procedure used was similar to that previously reported. 6 The GF electrode was initially washed in ethanol then rinsed with ultrapure water via a wash-bottle. The water-wet GF electrode was then sonicated for 1 minute in a sacrificial sample of the test electrolyte before being transferred to the electrochemical cell. Anodic stripping voltammetry (ASV) was performed with the three working electrodes (EPPG, PFC and GF) in solutions containing trace amounts of Ag + . This involved an initial preconditioning of the electrode surface at 0.2 V (vs. Hg/Hg 2 SO 4 ) for 10-30 s, followed by Ag deposition (always under quiescent conditions) at −0.5 to −0.9 V for 60-120 s. The Ag deposits were then removed via electrochemical oxidation (stripping) either by linear sweep voltammetry or differential pulse voltammetry. All experiments were conducted at 20 ± 1°C in a Faraday cage. Given the relatively large currents obtained with GF electrodes for trace analysis (tens of μA) and the scan rates used in this work (0.05 V s
), a Faraday cage should not be necessary. However, the experiments were conducted in a particularly noisy environment, necessitating the use of a Faraday cage.
Results and discussion
Silver in 0.1 M nitric acid A 1 μM solution of AgNO 3 in 0.1 M HNO 3 was used to identify the optimum conditions for Ag detection with the three working electrodes. Fig. 1 illustrates linear sweep voltammograms (at 50 mV s −1 ) for three Ag stripping experiments with a GF electrode in 1 μM AgNO 3 /0.1 M HNO 3 . The electrodes were preconditioned at +0.2 V for 30 s followed by Ag deposition at −0.6 V for 120 s. Also shown is the corresponding signal obtained with the bare Pt wire. As observed, the GF electrode gives a well-defined stripping peak, with negligible contribution form the Pt wire. In addition, the repeatability is excellent with the stripping charge ( proportional to the area under the stripping peak) equal to 27.4 ± 0.3 μC for the three signals.
With optimum conditions determined (see the ESI † for more details), ASV experiments were first performed with the conventional carbon electrodes, PFC and EPPG, in 0.1 M HNO 3 with increasing amounts of Ag + (AgNO 3 ). . In this case, the preconditioning occurred at +0.2 V for 30 s and the Ag deposition followed at −0.8 V for 120 s, which are similar conditions to those used in analytical test laboratories. 29 As observed, the signal decreases in magnitude with
, and is just visible at a concentration of 140 nM (suggesting the limit of detection is just below 140 nM). The results for the EPPG electrode were similar (not shown), but with a higher limit of detection. There are a few noticeable differences between the signals of the GF and PFC electrodes (Fig. 2 vs. Fig. 3 ). First, although the surface area of the GF electrode is almost 800 times greater than the PFC electrode (∼55 cm 2 vs. 0.07 cm 2 ), the ratio of the peak currents (GF vs. PFC) is approximately 30. This is expected given the porous nature of GF electrodes, which results in low current densities compared to conventional disc electrodes. 6 Second, the stripping signal at the GF electrode appears to be sharper than that for the PFC electrode at the same Ag + concentration. Finally, the limit of detection (LoD) appears to be significantly lower for the GF electrode, with a signal still observed at 25 nM Ag + , which was the lowest concentration to produce a recognizable signal for the given experimental conditions. Further experiments at longer deposition times obtained signals at concentrations as low as 10 nM for the GF electrode in this system, approximately 14 times lower than the PFC electrode LoD (see Fig. S3 in the ESI †). The amount of Ag deposited on the electrode surface is directly proportional to the charge passed during the stripping event (assuming all the Ag is removed from the electrode surface), which is equal to the integral of the stripping peak divided by the scan rate. Fig. 4 illustrates plots of stripping In both cases, the scan-to-scan repeatability was excellent and the largest error came from the analysis of the signal, up to ±10% for the smallest signals (error bars are plotted but are difficult to see as in most cases they are less than or equal to the width of the marker). In the case of the PFC electrode, the plot is not linear over the range of concentrations studied. This contrasts the GF electrode, for which a linear relationship is observed over a range of nearly two orders of magnitude. In addition, the GF linear range extends to a significantly lower concentration due to the superior limit of detection. Furthermore, Fig. S4 in the ESI † compares results from two different felt electrodes over the same concentration range and demonstrates the good repeatability attainable with these electrodes. Using the 3σ method, 30 a limit of detection was evaluated (from Fig. 4b ) as 35 nM, which is in excellent agreement with the 25 nM limit observed in the actual experiment. Comparing these results with the previous sensors in Table 1 , a silver detection limit of 25 nM ranks 7 th out of 9 studies, the best detection limit in Table 1 being 100 times lower than that achieved with GF. However, given that most of the studies in Table 1 used forced convection, a 25 nM detection limit in quiescent solution with a disposable electrode that costs less than one British pence is impressive. Also, the magnitude of the linear range of the GF sensor ranks joint first with those in Table 1 , suggesting GF electrodes can make a valuable contribution to electroanalysis. With some basic approximations, it is possible to estimate the silver stripping charge obtained with the GF electrodes. For a given a deposition time and redox species diffusion coefficient, a threshold pore diameter, d limit , can be estimated below which full depletion of the redox species within the pore occurs. Using a deposition time, t, of 90 s and a diffusion coefficient, D, of 1.55 × 10 −5 cm 2 s −1 for Ag + , 31 d limit is approximately 480 μm (calculation details are given in the ESI †). This is much greater than the average pore size in the GF electrode (approximately 30 μm) 6 and suggests it is reasonable to assume full depletion of Ag + within the felt is possible in the 90 s deposition step (i.e. all the Ag + within the GF electrode is reduced to Ag and deposited on the GF surface). The dimensions of the felt are known (2.8 mm × 10 mm × 10 mm) and the felt porosity, ϕ, can be determined from the mass measurement (see the ESI †). Therefore, complete reduction of Ag + within the GF would lead to the deposition of n Ag moles of Ag, where n Ag is given by:
In the above equation [Ag + ] bulk is the initial concentration of Ag + , V GF is the volume of the piece of GF and the other symbols have already been defined. In this case, the stripping charge due to the internal surface, Q int , is simply n Ag multiplied by Faraday's constant:
This value of Q int represents a lower limit as it ignores the contribution from the external surface of the GF, which has a geometric area of 3.12 cm 2 . Treating the external surface as a planar electrode with surface area A (3.12 cm 2 ) and assuming complete reduction of Ag + at the electrode surface, the stripping charge due to the external surface, Q ext , can be estimated by integrating the Cottrell equation:
In this case, t is 90 s, D is 1.55 × 10 −5 cm 2 s −1 and the other parameters are known. Assuming diffusion is the dominant form of mass transport in the deposition period, the sum of Q ext and Q int represents an upper limit to the stripping signal. Fig. 5 illustrates a plot of stripping charge vs. Ag + concentration for the GF electrode in Fig. 4b . Overlaid are the approximate upper and lower limits. As observed, the experimental value lies between the two limits, suggesting the GF electrode achieves a constant percentage deposition within the pores of the electrode (close to 100% deposition) over the concentration range. Interestingly, this result suggests there may be no limit to the linear range of the stripping charge vs. [Ag + ] relationship, providing the signal is dominated by the interior surface of the felt.
Differential pulse voltammetry (DPV) was also used to generate stripping signals with the GF electrodes (after the same preconditioning and Ag deposition steps used for linear sweep experiments). Optimum DPV parameters were found using a 2.5 μM solution of AgNO 3 in 0.1 M HNO 3 : 0.03 s modulation time; 0.1 s interval time; 50 mV amplitude; 4 mV step potential. However, at low Ag + concentrations, the DPV signals were poor as shown in Fig. S5 improved for all the electrodes tested, producing much sharper stripping peaks than the corresponding systems without KCl. Fig. 6 illustrates plots of stripping charge vs. Ag + concentration for the PFC and GF electrodes. In both cases the relationship is clearly non-linear over the concentration range studied, most noticeably for the PFC electrode. As before, it is possible to predict an upper and lower limit for the expected stripping charge obtained from the GF electrode (assuming 100% Ag deposition within the pores). The results are shown in Fig. 7 along with those obtained experimentally. In contrast to the system without KCl (Fig. 5) , the experimental results do not all lie within the upper and lower limits. At low Ag + concentrations, the recorded charge is significantly less than expected whereas at Ag + concentrations above 1 μM the charge is larger than the maximum value expected via deposition supported by diffusion only. This agrees with previous work with conventional carbon electrodes in the HNO 3 /KCl system, where the stripping charge densities obtained were rather high given the Ag + concentration values. 24 Furthermore, Fig. 7 suggests the Ag/HNO 3 /KCl deposition system is not "wellbehaved" (in contrast to Fig. 5 ) and highlights another advantage of GF electrodes in obtaining important fundamental insights into redox processes. Fig. 8 illustrates linear sweep (50 mV s −1 ) and differential pulse voltammograms obtained with the same GF electrode for the anodic stripping of Ag after a preconditioning at 0.2 V for 10 s and a deposition step of −0.6 V for 90 s (the DPV conditions were the same as those for the GF electrode in 0.1 M HNO 3 ). In this case, a good DPV signal is observed, which appears to be better defined than the LSV signal, suggesting DPV can further improve the LoD for graphite felts. Although DPV improved the Ag signal, the LoD was hardly affected (a silver signal was not observed at 46 nM, the next concentration below 73 nM). In contrast, a signal was observed at an Ag + concentration of 41 nM when using DPV with the EPPG electrode, a noticeable decrease from 100 nM obtained using LSV (in agreement with Compton and co-workers). 24 The results suggest DPV is more effective at decreasing the limit of detection for conventional electrodes than for GF electrodes.
Conclusions
The results clearly demonstrate GF electrodes can be used for the trace analysis of silver in water via anodic stripping voltammetry. The GF electrodes have been found to give repeatable signals and appear to have a significantly lower limit of detection than conventional carbon electrodes (in 0.1 M HNO 3 ) with a larger linear range. Indeed, initial results suggest the linear range for the GF/ Ag/HNO 3 system may not have an upper limit, providing the signal is dominated by the internal surface of the felt. DPV can also be used with GF electrodes to improve signals, although with little impact on the limit of detection. Given their low cost and disposable nature, this suggests GF (and mega-macro) electrodes can make a valuable contribution to electroanalysis. Furthermore, GF electrodes may be used to accurately determine the level of depletion in electrodeposition experiments, across a wide range of concentrations. This can determine if a deposition system is "well-behaved" or not, as demonstrated by the change observed with the addition of KCl to the HNO 3 electrolyte. The GF electrodes contain a relatively large and reproducible trapped volume that can be completely probed with voltammetric techniques, providing valuable fundamental insights into well-known redox systems. Further investigations are underway to determine the mechanisms behind the strange behaviour observed in the Ag + /HNO 3 /KCl system.
